Because marine hydrokinetic (MHK) turbine technologies are still in their infancy, their impacts on the environment remain largely unknown. Although few empirical data exist for MHK technologies, more data are available for other man-made structures. This paper discusses fish, mammal, bird, and benthic organism interactions with MHK devices and other man-made structures that may be analogous to these MHK technologies. In experiments conducted on the Mississippi River Lock and Dam No. 2, the survival of several species of small and large fish that passed through an MHK turbine was 99%. No data on mammal, sea turtle, or bird interactions with MHK turbines were available, but other types of anthropogenic mortality and traumatic injuries to these groups of animals have been well documented. Collisions with ships and fishing gear have greatly impacted most groups of marine mammals. Large whales that inhabit shallow coastal waters and diving birds that use sight to pursue prey underwater are at risk for collision. However, many devices have a positive impact on fish or benthic organism populations because they act as fish aggregation devices or artificial reefs.
INTRODUCTION
The generation of electricity from marine hydrokinetic (MHK) energy can be clean and reliable. However, because most hydrokinetic energy technologies remain at the conceptual stage, their impacts on the environment are largely unknown. There are several common elements among the technologies that may have adverse environmental effects. These elements include: 1) alteration of current and wave directions and strengths; 2) alteration of sediment transport and deposition and substrates; 3) alteration of benthic habitats; 4) noise during construction and operation; 5) generation of electromagnetic fields (EMF); 6) toxicity of antifouling coatings, paints, and lubricants; 7) interference with animal movements, including entanglement and migrations; and 8) strike by rotor blades or other moving parts [1] .
Several dozen tidal current machine designs have been proposed over the past couple of decades. Based on their working principles, most of these machines can be categorized as horizontal or vertical axis machines (Fig. 1) . Most of the proposed horizontal axis machines are bottom mounted. The vertical axis machine designs are divided between floating and bottom mounted. It is still too early to judge which of them is best given the unknown operational cost and the environmental impacts. The purpose of this paper is to review the available literature on current device-biota interactions and the environmental work that has been conducted for these emerging technologies. Tidal and river current technologies depend on horizontal movements of ocean and river currents to drive a generator that converts kinetic energy to electrical power [1] . Tidal current energy converters include turbines and oscillating hydrofoils. A major concern about the utility of underwater turbines is the potential for collision with fish, turtles, mammals, and diving birds. Rotating MHK turbines move relative to both the seabed and the water column and have obvious parallels to wind turbine-bird strikes and ship-cetacean strikes [2] . Some data exist on the effects of turbines on fish but most of it is in the context of turbines incorporated into hydroelectric plants or dams. However in terms of hydrokinetic turbines, few empirical data exist. Alden Laboratories, located in Holden, MA, is currently conducting experiments on fish-turbine interactions [3] . They have not yet published their results. Hydro Green Energy (HGE), LLC, [4] investigated the survival, injury, and entrainment of fish that passed through its hydrokinetic system in Hastings, Minnesota. For this project, two HGE turbines were installed in the tailrace of the Mississippi Lock and Dam No. 2. Survival and injury of several species of fish that passed through the turbines were directly assessed using the HI-Z Turb'N tag direct recapture technique. Fish species included bluegill (Lepomis macrochirus), yellow perch (Perca flavescens), bullhead (Ameirus sp.), largemouth bass (Micropterus salmoides), freshwater buffalo (Ictiobus niger and I. bubalus), flathead (Pylodictis olivaris), and channel catfish (Ictalurus punctatus). They reported little if any impact on the fish populations in the vicinity of the dam hydroelectric project. Specifically, survival estimates for small and large fish passing through the HGE hydrokinetic turbine were 99%. Further, no turbine blade passage injuries were observed.
In 2002, Verdant Power initiated the Roosevelt Island Tidal Energy (RITE) project in New York City's East River. By 2008 they completed a demonstration project that operated six full-scale turbines in a single array. Environmental monitoring efforts included an array of fixed underwater hydroacoustic sensors that monitored the turbine field for any activity and vessel fish monitoring. Benthic habitats were also characterized. They reported no increase in fish mortality or unusual bird activity within the project area. Further, fish avoided zones of impact and stayed closer to shore [5] .
There are no empirical data on MHK device interactions with mammals. However, collision risk must be given due consideration in environmental investigations because ship strikes have emerged as a significant source of anthropogenic mortality and traumatic injuries to cetaceans and dolphins [6] . It is important to note that a collision with a turbine would be analogous to a keel or bow strike, not a propeller strike because a turbine extracts energy from the surrounding environment, rather than imparting it, and rotates at much slower velocities [2] . Acoustic monitoring for turbine shutdown has been proposed for the Puget Sound area as a mitigation strategy to reduce collisions with killer whales and other mammals [7] .
North Atlantic right whales are of particular concern not only because they are already critically endangered but also because one of their major feeding grounds is the Bay of Fundy, Nova Scotia a site being investigated for its exceptional tidal energy potential. Although healthy right whales should be able to avoid turbines, they have limited buoyancy control in near surface waters, thereby increasing collision risk [10] . In 2008, the Ocean Renewable Power Company (ORPC) proved their Turbine Generator Unit a technical success after a year of in-water testing in the Bay of Fundy. Following Federal Energy Regulatory Commission (FERC) approval, the company will be launching its commercial-scale TidGen Power System, a system that will gradually expand from a demonstration project to 5 MW [8] . Further, Nova Scotia Power has partnered with OpenHydro to conduct a pilot project. The project has installed one 10-meter, 1-MW, in-stream tidal turbine is in the Minas Passage in the Bay of Fundy. Part of the rationale for the OpenHydro turbine was to protect the environment; the open center design provides safe passage of marine life and it uses minimal oils, grease, or other lubricants that could be released into the water [9] .
Ocean energy device collisions with pinnipeds (seals and sea lions) are also of concern. Pinnepeds are highly maneuverable and capable of rapid turns and sculling backwards in confined spaces. While in the water, they are often curious and approach novel items in their environment. They (cetaceans and birds as well) use vision for prey capture and navigation so it is logical to conclude that collision risk increases during periods of low light [2] or in turbid waters.
It has been well established that fish are often attracted to anthropogenic structures. The deployment of 'artificial reefs' is a widely used tool to enhance fisheries, to mitigate environmental damage or rehabilitate habitats of concern, or increase the recreational value of a particular area. Secondary artificial reefs, such as breakwaters, piers, pilings, oil platforms, and offshore wind turbine monopiles also serve as habitat for many species of fish and invertebrates [11] . Therefore, parallels between ocean energy devices and offshore wind turbines can be made. Lessons learned from offshore wind research can be used to predict some of the effects of ocean energy devices on marine biota. Both types of structures pose collision risks for birds and can act as artificial reefs or fish aggregating devices. Although the effects of ocean energy devices on diving birds are largely unknown, artificial reef effects are better understood. Wilhelmsson et al. [11] reported greater demersal fish abundance in the vicinity of offshore turbines versus the surrounding area, although species richness was similar. On the monopiles, total fish abundance was greater while species richness was lower. Further, blue mussels and barnacles covered the submerged parts of the turbines. Andersson et al. [12] investigated fish assemblages and epibenthic colonization of concrete and steel pilings that simulated offshore wind monopiles. They reported colonization of barnacles, calcareous tubeworms, and tunicates on both types of pilings and much higher fish abundance and species numbers compared to the surrounding soft bottom habitats. Also, there were significantly higher numbers of fish and crab abundances associated with wave energy devices compared to surrounding soft bottom [13] .
Although a few pilot studies are in the water, empirical environmental data are scarce. A review of the available information, both peer reviewed literature and information from developer websites, has yielded fewer than a dozen studies. Because of this lack of data, the National Renewable Energy Laboratory (NREL) is engaged in efforts to develop protocols for MHK testing and monitoring of environmental impacts. These protocols include defining appropriate monitoring methodologies to evaluate the environmental effects of MHK devices. Furthermore, they aim to standardize and streamline environmental monitoring efforts, to identify the most important research issues and propose focused research strategies to address them. Hopefully, this will facilitate the development of small scale commercial projects with appropriate, but not burdensome, environmental monitoring requirements. These monitoring protocols and research strategies do not necessarily require expensive and extensive data collection if they are focused on the most relevant impacts and unanswered research issues. Some have proposed the before-after control-impact (BACI) design [14] for assessing environmental impacts of ocean energy devices. The BACI methodology is often the preferred approach for assessing environmental impacts, but it can be expensive and requires monitoring of a control site as well as the deployment site both before and after installation of the devices. Perhaps hypothesis driven research, where important scientific questions are asked and addressed by a focused research strategy and protocols, may be able to provide less expensive yet conclusive answers. Ideally, the scientific approach would be a compromise between the best parts of multiple research designs and would result in sound cost effective research.
